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ARTICLE INFO ABSTRACT

Keywords: Exposure to trichloroethylene (TCE) is linked to formation of congenital heart defects in humans and animals. Prior
TCE interactome analysis identified the transcription factor, Hepatocyte Nuclear Factor 4 alpha (HNF4a), as a potential
Benfluorex target of TCE exposure. As a role for HNF4a is unknown in the heart, we examined developing avian hearts for
Hear,t fiefem‘ HNF4a expression and for sensitivity to TCE and the HNF4a agonist, Benfluorex. In vitro analysis using a HNF4a
ggj;ﬁs' reporter construct showed both TCE and HFN4a to be antagonists of HNF4a-mediated transcription at the con-
TRAF6 centrations tested. HNF4a mRNA is expressed transiently in the embryonic heart during valve formation and cardiac
NFKBIE development. Embryos were examined for altered gene expression in the presence of TCE or Benfluorex. TCE altered
Nonmonotonic dose response expression of selected mRNAs including HNF4a, TRAF6 and CYP2C45. There was a transition between inhibition and
induction of marker gene expression in embryos as TCE concentration increased. Benfluorex was largely inhibitory to
selected markers. Echocardiography of exposed embryos showed reduced cardiac function with both TCE and
Benfluorex. Cardiac contraction was reduced by 29% and 23%, respectively at 10 ppb. The effects of TCE and
Benfluorex on autocrine regulation of HNF4a, selected markers and cardiac function argue for a functional inter-
action of TCE and HNF4a. Further, the dose-sensitive shift between inhibition and induction of marker expression

may explain the nonmonotonic-like dose response observed with TCE exposure in the heart.
1. Introduction teratogen and carcinogen by the EPA and has a maximum contaminant
level (MCL) of 5 ppb in water (Environmental Protection Agency, Chiu
Trichloroethylene (TCE) is an industrial degreasing solvent and a et al, #0408). The volatile nature of TCE allows it to easily be dispersed
substrate used in chemical manufacturing. It is identified as a cardiac into the environment at large, often through the air and the
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groundwater supply. TCE was first associated with congenital heart
defects (CHDs) following a water system exposure that occurred in
Tucson, AZ where exposure at levels up to 270 ppb (parts per billion)
produced an odds ratio of CHDs between 2.5 and 3 (Bove et al., 3H¥2;
Goldberg ot al,, 199{1). Other studies in Madison, WI and Endicott, NY
related to vapor exposure supported the results found in Tucson, AZ but
the overall, epidemiological data are limited (¥orand et al, 201
2004).

Chick, mouse and rat models were used to explore the mechanistic
effects of TCE on fetal cardiac formation and gene expression. Studies
showed that TCE inhibits epithelial mesenchymal cell transformation in
embryonic heart tissue in an in vitro assay at 50-250 ppm (parts per
million) (Beyer st al., 2004). Abnormal cardiac gene expression, in-
cluding molecules involved in calcium homeostasis and several cyto-
chrome P450s, was observed by exposures with a rat cell line in vitro, in
mouse maternal drinking water or injection in ovo of chick embryos
(Caldwell et al, 2088; Collier et al, 2003; Makwana et al, 20U Selmin
et al., 20#). TCE exposure is associated with significantly increased
incidence of ventricular septal defects in chick embryos (£vaks et al.,
2008a,b; Rufer et al, 2018). An EPA IRIS assessment stated that

“weight-of-evidence analysis of epidemiological, toxicological, in vitro,
in ovo, and mechanistic/AOP data concluded that TCE has the potential
to cause cardiac defects in humans when exposure occurs at sufficient
doses during a sensitive window of fetal development” (Makxis et &,
2R,

TCE has a poorly understood but nonmonotonic-like dose curve.
Low doses of TCE can produce greater changes in gene expression and
function in cells and embryos compared to higher doses (Caldwell 2t al.,

TOGOR; Dy oy al., 2006h; Mak 13, 2008 Mishima ev al.,
264863}, H9C2 myoblasts show a greater decrease in calcium homo-
eostasis at 10 ppb than they do at 100 ppb and 10 ppm doses (Caldwall
szt al., 2008). Epithelial-mesenchymal transition mediates the formation
of cardiac valve tissues in the embryonic heart (Ferson ot al., 2083).
Mesenchymal cell formation is inhibited at higher doses of TCE
(50-250 ppm) while mesenchymal cell proliferation is stimulated at
80 ppb (Mishima of al, 206). Other work has shown that markers of
blood flow show more change at 8 ppb than 800 ppb (Brzks et al,
20060; Ma Gi43). It was suggested that low levels of TCE
might be insufficient to induce detoxification, producing a greater
concentration of TCE or an active metabolite in the tissue. However,
CYP 2H1 expression was higher at the lower dose while CYP 1A4
showed higher expression at the greater dose (Malavana e al., 30513).
While it is unclear which cytochromes in the chick metabolize TCE,
there appears to be some cytochrome P450 enzyme induction at the
lowest tested exposure.

Microarray analysis of chick embryos treated with 8 ppb TCE, in ovo,
identified approximately 4000 genes significantly altered by TCE ex-
posure. Among these genes, approximately 1400 were linked to genes
identifiable in an interactome database (Selwin wf s, Z{14). Within
this TCE interactome, Hepatocyte Nuclear Factor 4 alpha (HNF4a) was
the most interconnected molecule as it was linked directly or indirectly
to approximately 75% of the nodes (Selmin et al,, Z2414). HNF4a is a
master transcription factor associated with the liver and not identified
with the developing heart, but Western Blot and PCR data show that it
can be found in the early chick heart and in cultured rat cardiomyocytes
(Selmin et s, 2014).

We hypothesize that HNF4a is an early and significant target of TCE-
mediated cardiac teratogenicity. To explore the hypothesis, we first
tested the HNF4a-expressing HepG2 cell line to examine regulation of a
transcriptional reporter by TCE and its reported agonist, Benfluorex (iee
el al., 2013). The data show that both TCE and Benfluorex inhibit
HNF4a-mediated transcription in vitro at the doses examined. We then
explored HNF4a expression during chick heart development. Quantita-
tive PCR analysis showed that HNF4a is expressed in the developing
heart during the developmental window that coincides with the pub-
lished interval of sensitivity to TCE exposure ({vake st al ) 2{86h). Chick
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embryos were exposed, in ovo, to examine effects of TCE and Benfluorex
on expression of identified targets of HNF4a and/or TCE in the heart. The
data identify HNF4a, TRAF6 and CYP2C45 as markers with altered gene
expression when exposed to both Benfluorex and TCE. Consistent with a
nonmonotonic-like response, TCE is an inhibitor of gene expression at
doses of 10 ppb or lower and an inducer of expression at doses of 100 ppb
or greater. Finally, as myocyte contraction is perturbed by TCE exposure
(Malwana of al, 2014), we compared embryonic heart function after
low-dose TCE and Benfluorex exposure. Echocardiographic analysis
showed similar decreases in cardiac contraction with either Benfluorex
or TCE at 10 ppb. These data support the temporal teratogenicity of TCE
in the heart during the period of cardiac myocyte and valve formation.
The dose response data suggest that a basis for the nonmonotonic-like
response in the developing heart may lie in the shift between inhibition
or induction of gene expression by TCE.

2. Materials and methods
2.1. Reporter analysis with HepG2 cells

Human HepG2 cells (ATCC, HB-8065) were grown in DMEM media
with 10% bovine serum and 1% pen/strep. Cells were incubated with
either Benfluorex Hydrochloride (5pM) (sc-291931, Santa Cruz
Biotechnology) or Trichloroethylene (Cas # 70-01-6, Sigma, Aldrich).
For measurement of HNF4a-mediated transcription, HepG2 cells were
transfected using the Cignal HNF4a reporter kit (CCS-3039L, Qiagen)
with Attractene transfection reagent (Qiagen). This kit quantifies up or
down regulation of an HNF4a-responsive luciferase construct encoding
firefly luciferase under control of a minimal CMV promoter and tandem
repeats of the HNF4a transcriptional response element. Expression is
normalized to a co-transfected constitutively active Renilla luciferase
reporter. Cells were exposed to the indicated final concentrations in
multiwall plates for 18 h before collection in Cell Culture Lysis Reagent
(Promega, #E1531). Equal aliquots of cell lysate were mixed with
Luciferase Assay Reagent (Promega, #E1500) and measured in a lu-
minometer.

2.2. Embryos for gene expression analysis

Fertilized chick eggs were obtained from MacEntire Eggs, San
Diego, California and were incubated to Hamilton and Hamburger
stages (Hammburger and Hamilton, 198 15-26 at 37.5°C as needed.
After incubation to appropriate stages, hearts were dissected from the
embryos and pooled by stages for extraction. Each pool was from 2 to
25 hearts (larger numbers were used for stages 15-18) and mean levels
were calculated from 3 independent pools for each stage. RNA was
collected for analysis using E.Z.N.A. Total RNA Kit 1 (R6834-02, Omega
Bio-Tek). Chicken embryos, at the stages used here, are exempt from
institutional, NIH and AALAC oversight.

2.3. In ovo injection

Chick embryos were incubated to Hamilton and Hamburger stage
13 before being exposed to either Trichloroethylene (Cas # 70-01-6,
Sigma, Aldrich) or Benfluorex Hydrochloride (sc-291931B, Santa Cruz
Biotechnology). 1x Tyrode’s solution was used as the control and to
dilute the chemicals. The method of exposure was a single in ovo in-
jection with a 250 yL syringe (370166, Hamilton).

For injection, the eggs were turned on their side and a small hole
was made with an 18 G needle (305196, BD Biosciences). 50 pL of so-
lution was injected into the yolk of the egg. The exposure dose was
either: 1ppb, 5ppb, 10ppb, 100ppb, 1ppm of Benfluorex
Hydrochloride or Trichloroethylene. The hole was covered with tape
and the egg was reoriented and incubated until it reached stage 17. At
HH stage 17, the heart was dissected from the chick embryo and RNA
was collected for analysis.
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Table 1
Conversion of ppm to molarity.

Toxicology Letters 285 (2018) 113-120

TCE ppm/ppb 1 ppb 10 ppb 100 ppb 270 ppb
TCE uM 7.6 nM 76 nM 0.76 uM 2.05uM
Total TCE/egg 0.5 nmol 5 nmol 50 nmol
Benfluorex ppm/ppb 1ppb 10 ppb 100 ppb 440 ppb
Benfluorex pM 2.85nM 28.5nM 0.285 uM 1.25uM
Total Benfluorex/egg 0.19 nmol 1.9 nmol 19 nmol

1ppm 10 ppm
7.6 uM 76 uM
500 nmol
880 ppb 1ppm 1.75 ppm 3.5 ppm 10 ppm
2.5uM 2.85uM 5.0 uM 10.0uM 28.5uM
190 nmol

As environmental exposures and standards are often described in
ppm for TCE, we use that nomenclature here for both TCE and
Benfluorex. Tabie i shows the conversion of ppm or ppb levels used
here to molar concentrations and the final concentration of both re-
agents in the egg for each of the injected concentrations.

2.4. Echocardiographic analysis

Chicken eggs were injected 10ppb of either Benfluorex
Hydrochloride or Trichloroethylene at embryonic stage 13 as above.
Twenty four hours later (approx. stage 17), embryos were transferred to
a shell-less culture method (Dus of al., 1881). Utilization of shell-less
culture provided an enhancement of sensitivity and access to the heart
compared to the usual windowed egg approach. Briefly, a plastic film
(Anchor All Purpose Food Film, PW-18) was draped in a disposable
coffee cup to produce a supporting sling. Treated eggs were cracked and
the egg contents were gently transferred into the plastic sling, covered
with a plastic petri dish top and incubated in a humidified incubator at
37 °C. Only embryos that remained viable with an intact vasculature after
transfer were retained for analysis. For echocardiography, petri dish
covers were removed and a plastic ring, larger in diameter than the
length of the embryo was placed over the embryo and flooded with
warmed Tyrode’s solution. Echocardiographic images were collected
using a Vevo 2100 system (Visual Sonics) with a Micro-scan 700 trans-
ducer. The transducer was placed near the heart parallel to the head and
tail of the embryo. The fractional shortening of the heart was determined
using B-mode recordings and Vevo LAB software (Visual Sonics). It was
determined that stage 19-20 embryos were the earliest stage that we
could reliably measure ventricular contraction and the data shown are
from these stages. Three to six embryos were measured for control,
Benfluorex and TCE treatments during each experiment to produce mean
measures of contraction. The experiment was repeated 3 times and the
data show the mean and S.E.M. of the three independent experiments.

2.5. Quantitative real-time PCR

Total RNA from the heart of the chick embryo was isolated using the
E.Z.N.A. Total RNA Kit 1 (R6834-02, Omega Bio-Tek). This RNA was
treated with DNase I (E1091-02, Omega Bio-Tek) prior to cDNA
synthesis. cDNA was created using the gScript cDNA synthesis kit (Cat#
95047-100, Quanta Biosciences). ¢cDNA was quantitated using the
Quanti-iT Oligreen ssDNA assay kit (011492, Invitrogen) and a fluor-
escent plate reader relative to a set of ssDNA standards. 10 ng of cDNA
was added to each PCR tube for measurement. Quantitative PCR was
accomplished using a Rotorgene Instrument (Qiagen) using a
SensiFAST SYBR buffer (Bio-98002, Bioline). Cycling parameters used a
60 °C annealing temperature and 72 °C temperature for elongation and
data collection. Primers were designed for chick marker genes using
NCBI Primer-Blast and selected for pairs that gave melting curves with a
single peak. Effective primer sequences are shown in Tabic

3. Results
3.1. TCE and Benfluorex inhibit transcription of an HNF4a reporter

To explore the direct effect of TCE on FHNF4a-mediated
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transcription, experiments were performed using the HNF4a-expressing
cell line, HepG2, and a luciferase reporter with a concatamerized
HNF4a binding site. Cells transfected with the reporter construct were
incubated for 18 h with the reagents. As shown in Fig. 1, both TCE and
Benfluorex inhibited luciferase activity. A nonmonotonic-like response
was observed for TCE showing greater inhibition at 10 and 10 ppb than
at intermediate doses of 1 ppm and 100 ppb. These data show that both
reagents inhibit reporter transcription at the doses achieved in culture.
Though Benfluorex is not volatile, note that TCE is volatile and the
indicated dose was the starting concentration.

3.2. Analysis of stage based differential expression of TCE linked genes

The developmental window of sensitivity to TCE exposure in the
chick embryo is between HH stages 15 and 24 (Drake et al,, 20068). To
explore the relationship between the three genes with the highest
identified linkage in the TCE interactome, pooled and staged hearts
were extracted for total RNA from stages 15 to 26 and examined by
gPCR for HNF4a, NFKBIE and TRAF6 (Selmin et al, 2014). Measure-
ment of expression at each stage was compared using equal aliquots of
c¢DNA and the data were normalized to the level observed from HH
stage 19 hearts (set to 1.0). Data shown for each stage represent the
average and SEM of three independent pools collected and measured on
different days. As shown in Fig. %, HNF4a expression begins to increase
in HH stage 18 hearts, peaks between HH stages 20 and 23 and drops at
stage 26 to a level similar to stage 18. The patterns of Traf6 and NFKBIE
expression are slightly delayed and peak at stage 24. HNF4a is a known
regulator of cytochrome P450 expression (Javer et al, 200%). Though
the specific regulation of avian cytochromes by HNF4a is unknown,
expression of both CYP2C45 and CYP2H1 was observed in the em-
bryonic heart (Malkwana ot al., 2013). Fig. 3 shows that both CYPs are
observed in the heart and that CYP2C45 peaks at stages 22-23 similar
to HNF4a. CYP2HI expression is elevated throughout Stages 22-25 and
that there is an early peak at stage 15-16 when HNF4a expression is
low. These data show that the three most highly linked genes in the TCE
interactome are expressed in the embryonic chick heart at a time con-
sistent with the window of sensitivity to TCE. Normal cardiac expres-
sion of the two cytochromes examined peaks late in this period as well
but CYP 2C45 expression coincides with HNF4a expression to a greater
extent.

3.3. Analysis of in ovo dose response to TCE and HNF4a reagent exposure

Previous exploration of TCE and cardiac gene expression and
function found that the dose sensitivity in the developing heart was
described as nonmonotonic-like and that low doses could be more toxic
than higher doses (8slmin ot al,, ¥014). To explore the relationship of
expression of TCE-linked markers to the dose, chicks were injected in
ovo at HH stage 13 with varied doses of TCE. Experimental doses were
calculated to produce final concentrations of 1ppb, 5ppb, 10ppb,
100 ppb or 1ppm as calculated with an egg volume of 66.7mL
(¥able 1) with a single injection (ivake et al, 2006%). After 24h of
exposure, at a stage equivalent to HH 17, hearts were collected by
dissection and mRNA was isolated. For each treatment, a total of 30
exposed hearts were pooled. Quantitative PCR was performed for each
dose and the averages were calculated. Data were normalized to the

ED_006308_00000331-00003
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Table 2
Primers used for qPCR (Gallus gallus).

Toxicology Letters 285 (2018) 113-120

Symbol D Genbank D Forward Primer Reverse Primer

HNF4a hepatocyte nuclear factor 4, alpha NM_001030855.1 GAGAAGACCGTGTGGGAGAA  CCGATAAGCAAGTCCGTIGIG

TRAF6 TNF receptor-associated factor 6, E3 ubiquitin protein ligase XM_421089.3 TCAGGGGAGAAAGGCAGAAG  ACTCTTAGAGCACAGGCAGG

NFKBIE Nuclear factor of kappa light polypeptide gene enhancer in B-cells XM_419490.5 CGGAGAAGAGTTTTGTGGGC CACGGGGCACAAATCIGAAA

inhibitor, epsilon

CYP2H1 Cytochrome p450 2H1 NM_001001616.1 TGGCITGAAAGGCAACCTACG TTGTCTGCTCAGTATGGAGGAAGG

CYP2C45  Cytochrome p450 2C45 NM_001001752.1 GGTTIGTGTTGCTTGCCIGC TTCACCTCCAGTATGTICCCTACG
120 Fig. 1. TCE and Benfluorex are inhibitory of HNF4a-mediated tran-

00 -

scription. A luciferase reporter assay was performed with HepG2 cells
and an HNF4a regulated reporter plasmid with varied doses of
Benfluorex or TCE. HepG2 cells were chosen for their endogenous

expression of HNF4a ({.iu #f 21, 2414). Both TCE and Benfluorex were
significant inhibitors of luciferase expression in vitro at the doses
tested. Values are the average of 4-10 independent measurements for

80 -

60

each exposure. Error bars indicate S.EM. All treatments are sig-
nificant, P < .001.

40

Luciferase/Renilla % compared o DMEM

average expression and standard error of the mean of pooled untreated
stage 17 hearts. ¢PCR measurements were made for HNF4a and TRAF6
as both molecules were identified in the interactome and are known to
be regulated by HNF4a transcription (Sclimin ot al., 2014). CYP2C45
was selected for its apparent link to HNF4a regulation (above), Fig. 4
shows that transcription of HNF4a, TRAF6 and CYP2CA45 is significantly
inhibited at doses of 10ppb and lower. At 100ppb and 1ppm, the
markers were either significantly upregulated by TCE or unaffected.
The data show that low dose TCE is inhibitory to marker expression and
HNF4a auto-regulation. At higher doses, the toxin is inductive of
marker expression. The pattern of transcriptional regulation suggests
that an interaction between TCE and the transcriptional complex varies
somewhat for each marker.

NFKBIE

A dose response analysis was also performed on HNF4a agonist,
Benfluorex. Fig. 3 shows a significant down regulation of CYP2C45 at
the lowest and highest doses (1 ppb, 100 ppb, 1 ppm) while the inter-
mediate doses of 5 and 10ppb were not significant from controls.
Benfluorex showed some indication of inhibition of HNF4a expression
but did not reach significance at any dose tested. In contrast to TCE,
Benflorex showed an opposing concentration-dependent shift between
up and down-regulation of TRAF6. Benfluorex significantly inhibited
CYP2C45 expression only at the 100ppb and 1ppm levels. In the
publication that identified Benfluorex as an agonist of HNF4a, the ef-
fective concentration was higher than tested here (700-2800 ppm) (Lze
er al, 2013).

Fig. 2. Normal expression of the HNF4a, TRAF6 and NFKBIE in the
embryonic chick heart during the window of sensitivity to TCE.

Embryonic chick hearts were collected from staged embryos and
pooled for mRNA collection. Quantitative PCR measurement was

performed with equal aliquots of ¢DNA from each stage and compared
to the stage 19 pool which was normalized to a value of 1. The data

show a slight bimodal distribution for HNF4a gene expression in the
developing chick heart with peaks at stage 20 and again at stage

Relative Amplification

15-16

17 18 19 20 21 2223

Developing Chick Stages

24

116

22-23. TRAF6 and NFKBIE both rise from stage 19 and peak at stage
24. The interval from stage 19 to 24 is one of rapid growth and dif-
ferentiation of the ventricular myocardium. Measurements shown are
the mean and S.E.M. of at least 3 independent pools samples at each
stage.

5 258
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Fig. 3. Expression of Cytochrome P450 genes in the developing heart.
The staged comparisen of CYP gene expression shows both an early

peak of expression by CYP2H1 and again between stages 22 and 25. In
contrast, CYP2C45 peaks at stage 22-23. While neither pattern mat-

ches expression of HNF4a, the pattern of CYP2C45 is closest of the

two. Measurements are made from the same sample pools as shown in

big. 2 and are normalized to expression observed at stage 19 for each
gene. Error bars reflect the S.EM.

Fig. 4. TCE effects switch from inhibition to induction of selected
markers in chick hearts. The two highest linked genes in the TCE in-
teractome, HNF4a and TRAF6, were measured in the heart after in ovo
injection of varied doses. Comparison was made with CYP2C45 as a
potential target of HNF4a. TCE exposure significantly reduced mRNA
expression of these markers at 10 ppb. Exposure at 1 ppm TCE sig-

nificantly increases expression of HNF4a and TRAF6. Expression of
CYP2C45 is increased at exposure levels of 100ppb and 1 ppm.
Significance calculated by Student’s T-test for values obtained (un-
paired, two-tailed).*p < 0.05, **p < 0.005.

:CYP 2C45 sCYP 2H1
9
ol 8 “
27
5
<4 -
& i B
. 3
25
Developing Chick Stages
wHNF4a 2CYP2C45 € NEKBIE
3
0.3

3.4. Analysis of cardiac contraction in the heart

It was previously shown that TCE exposure alters calcium home-
ostasis and reduces cardiac contraction in vitro (Caldwell ev al., 3008,
Makwana ef al,, 2014). Echocardiographic analysis was used to com-
pare the effects of TCE and Benfluorex on function in the developing
heart. An exposure level of 10 ppb for both TCE and Benfluorex was
selected based upon marker expression. Embryos were injected in ovo at
HH stage 13, moved to shell-less culture at HH stage 17, and incubated
overnight prior to analysis. Consistent analysis of early chick embryos
required incubation until the embryos reached HH stages 19 or 20.
Fractional shortening was measured based upon wall movement in the
primitive ventricle. At these stages, the common ventricle produced a
C-shaped image and the shortest diameter across the C was selected for
capture. Fig. & shows a significant decrease in the percentage of

fractional shortening in the heart for both TCE and Benfluorex ex-
posure. Cardiac contraction decreased by 29% in embryos exposed to
TCE and 23% in embryos exposed to Benfluorex.

4. Discussion

Embryonic exposure to TCE is associated with congenital heart
defects but not without a level of controversy (Bukow
and Bisotto, 2017; Hardin ex al, 2043). A combination of epidemiolo-
gical, animal model and in vitro data was recently reevaluated by the
EPA and it was concluded that TCE is likely to cause congenital heart
defects (Rdaicris et al., 3016&). The defects associated with exposures in
humans include atrial septal defects, ventricular septal defects, pul-
monary stenosis and membranous ventricular septal defects (Goidberg
ef al, 1990; Yauck ot al., 2004).

Fig. 5. Benfluorex inhibits marker expression in chick hearts.
Benfluorex was injected M at the same concentrations used for TCE
and the markers shown in ¥ig. 4 were compared. Benfluorex exposure
in the heart significantly reduced mRNA expression of CYP2C45 at the
lowest dose (1ppb) and the highest doses (100ppb and 1ppm).

1--p'pb

0.3

TRAF6 showed significantly increased expression at 1 ppb and de-
creased expression at all other doses but 1 ppm. Benfluorex showed no
significant effect on the regulation of HNF4a expression at any dose
tested although it was inhibitory at the higher doses tested in cell
culture in ¥ig. 1. The data show that TCE and Benfluorex are not
acting identically on the HNF4a transcription complex. Significance
calculated by Student’s T-test for values obtained (unpaired, two-tai-
led).*p < 0.05, **p < 0.005.
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Fig. 6. Fractional shortening in the heart after TCE exposure. Chick
embryos exposed to TCE or Benfluorex at stage 13 were evaluated at
stage 19 or 20 for cardiac contraction percentage in the common

ventricle. The data show a significant decrease in cardiac function in

Wb
wroO

developing hearts exposed to TCE or Benfluorex compared to the
control. The changes were significant as calculated by the Student’s T-
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Data obtained in a series of studies of embryonic rat, mouse and
chick hearts as well as cultured myoblasts show large numbers of genes
as havmg altered transcription (Caidwell et al, 2018; Codlier et al,
3, Selmin ot al, 2314, 20438). Among these genes, there was a
consistent perturbatlon of molecules associated with calcium home-
ostasis (Belmin et al, 2008). It was hypothesized that perturbation of
calcium homeostasis would reduce cardiac contraction and this was
confirmed by in vitro studies with a muscle cell line and in ovo studies
(Caldwell et al,, 2008, Rufer ot 2010; Makwana o al., 3050,

Functional effects of TCE exposure include impaired myocyte con-
traction, reduced calcium homeostasis and altered cytochrome expres-
sion (Makwana et al, 2318, 20313). However, there is a lack of under-
standing of the transcriptional regulation that mediates these effects.
Microarray data identified approximately 4000 elements from chick
embryos as significantly altered by 8 ppb TCE injected in ovo (Sslimin
et al., 2414). The data were compared with a chick interactome data-
base and approximately 1300 genes were found in both datasets. These
1300 genes were explored within the chicken interactome to identify
links between them. The highest linked node within the set of genes was
the transcription factor HNF4a (Geimisn of al, 2{114). This data sug-
gested that HNF4a could be a target of TCE toxicity despite a lack of
data concerning this molecule in the heart. As shown here, HNF4a, and
the next two most highly linked molecules in the interactome, TRAF6
and NFKBIE are expressed in the embryonic heart during the period of
TCE-sensitivity. TRAF6 and NFKBIE appear to be early downstream
targets of HNF4a and their expression as well as that of cardiac
CYP2C45 is consistent with the temporal expression of HNF4a as a
central transcription factor. HNF4a is not well recognized in the de-
veloping heart as the HNF4a null mouse is embryonic lethal prior to
heart development and there is little or no expression in fetal or adult
hearts (Chen er al, 1994). Its cardiac expression is consistent with the
idea that it may be uniquely involved in the organogenesis stage of this
organ. Consistent with the data shown here, a stage-specific examina-
tion of transcription factor clusters during cardiomyocyte differentia-
tion by embryonic stem cells in vitro identified a temporally restricted
co-expression of HNF4a with AP1 during a stage corresponding to early
cardiomyocyte differentiation (Zsuidler et al, 2018).

Benfluorex is a small molecule inhibitor that was used to treat hy-
perlipidemia and type II diabetes until its withdrawal from the market
for cardiovascular side effects. Its side effects appear to be due to its
agonist activity towards a serotonin receptor (Ratiuman and Baurpann,
2044). It was identified as an agonist of HNF4a subsequent to a high
throughput screen showed that it could reverse the inhibitory effect of
palmitate on the insulin promoter (Lo ot al,, 2313). Itis utilized here to
provide a comparison between a known ligand of HNF4a and TCE.
Benfluorex has a strong overlap with TCE in regulation of specific tar-
gets but does not act identically in regulation of gene expression. TCE

-10 ppb
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test (unpaired, two-tailed). *p < 0.05, **p < 0.005.

appears to produce a more consistent dose-sensitive shift in gene
transcription while Benfluorex is largely an antagonist at the levels used
here. However, Benfluorex exposure in ovo is less than the exposure that
leads to its identification as an agonist of HNF4a by 2 or 3 orders of
magnitude (Les et al., 2013). Previously identified TCE-sensitive targets
are also associated with HNF4a as shown by their altered expression in
the presence of this identified HNF4a agonist (¥Fiz. 3). HNF4a is reg-
ulatory of its own transcription and it is variably sensitive to both in-
hibition and induction with increasing doses of TCE (¥ig. 4).

Previous analyses of TCE exposure in relation to heart development
showed perturbed gene expression in both cell and animal models at
low doses (Caldhesl] et al, 20710, 2008; Malowans e al,

i 4). An ongoing issue with TCE exposure in ernbrvos is the
nonmonotonic-like dose effect. Low doses of TCE appear to have a more
severe effect on gene expressron than higher doses (ivake et al., 26,

¥ 2003, 201 Rufer ov all, 20148). It was speculated that

118 Selmin

Makwana ot al,|
toxicity was related t0 the relatrve induction of Cytochrome p450 en-
zymes in the heart, a metabolic explanation of the nonmonotonic-like
response (Lagarde et al., 2015). Examination of Cytochrome P450 ex-
pression in early chick embryos revealed that cytochromes were largely
expressed in the heart prior to the development of the liver (Makwana
et al., 2013). Though specific roles for cytochrome P450s in the de-
veloping heart are unknown, avian CYP2C45 is linked to the chicken
xenobiotic receptor (Baader 2007,

In the present study, there was a decrease in cytochrome CYP2C45
expression at a low dose (10 ppb) and an increase in expression at a
high dose (1 ppm). This contrasts to a higher expression of another
CYP2C molecule, CYP2H1, at 8 ppb than at 800 ppb, shown previously
(Makwana ot al, ¥313). The data suggest that the interaction of TCE (or
a metabolite} with HNF4a is dose-dependent and that there is a switch
between agonist and antagonist activity at different concentrations in
the regulation of specific gene targets. The inhibition of gene expression
at low level exposures may be more critical than upregulation at greater
exposures in the myocyte. CYP2C45 is used here as a marker of altered
HNF4a transcription. Its relationship to calcium homeostasis and
myocyte contraction is unknown. However, the data is consistent with
transcriptional misregulation observed in this tissue that alters myocyte
contraction, cell proliferation and valve formation seen at different
exposures. Disruption of HNF4a was shown to impair calcium home-
ostasis in pancreatic beta cells and may regulate critical gene expression
similarly in the heart (Moore ot ai, 2018).

There are reports of nonmonotonic dose responses to toxins such as
Bisphenol A and DEHP as endocrine disruptors acting on nuclear steroid
receptors (Andrade e al, 200¢; Vandenberg et al,| i2). Though
HNF4a is not a steroid receptor, it is a nuclear receptor. The data
suggest that nonmonotonic-like regulation of transcription of this re-
ceptor by TCE may be critical to its cardiac teratogenicity.
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Previous data suggest that HNF4a is more commonly expressed in
the embryonic liver and kidney than the heart. Which begs the ques-
tion, why does TCE have cardiac specific effects? We argue that the
transient expression of HNF4a in combination with the morphogenetic
role of calcium-mediated contraction is critical. If metabolism of TCE to
an active metabolite is involved, the expression of phase 1 and II en-
zymes may also be important. During the window of TCE toxicity in the
chick heart, the heart is the principle organ in the embryo that ex-
presses HNF4a and cytochrome p450 enzymes (Makwana «f al., 2013).
Direct interaction of HNF4a at this time by TCE or a metabolite of TCE
leads to altered gene regulation. HNF4a is a highly linked molecule and
one aspect of its altered activity appears to result in altered calcium
homeostasis and impaired contraction (Moore et al, 2418). It is clear
that altered myocyte contraction is sufficient to produce cardiac mal-
formation (¥ogers et al, 1997). Chick embryos exposed to 8 ppb TCE
had a high incidence of ventricular septal defects (Rufer et al., 301,
The reduction in fractional shortening observed here with 10 ppb TCE
(29%), is consistent with modeling that observed ventricular septal

defects chick embryos with 10-35% restricted outflow (Midgets et al,,
2017),

Additional effects of altered HNF4a regulation may also contribute
to valve cell proliferation or a loss of valve cell formation at the same or
different exposure levels, leading to other types of cardiac defects. The
subsequent development of the liver and a concurrent loss of HNF4a
expression in the heart in the embryo would shift metabolism of TCE to
the liver as the window of cardiac sensitivity to TCE closes. Though TCE
likely alters regulation of HNF4a in other embryonic or fetal tissues,
misregulation of HNF4a in other organs may not lead to teratological
defects in differentiation.

Though the chick embryo is an unconventional target for toxicity
studies it has been a useful model for cardiac development for many
decades and a substantial portion of our knowledge of heart develop-
ment has been derived from this model (¥ain . 20314). In the
present context, in ovo injection provides useful control of exposure
levels in the embryo and likely reduces the loss of volatile TCE during
exposure. The ability to produce multiple, independently exposed,
embryos enables a cost-effective exploration of dose responses com-
pared to rodent models. One limitation of the chick embryo model is
that there is no placental communication with the mother and a ma-
ternal contribution to metabolism of TCE could be missed. Thus, it
would be useful to extend this data to an investigation of HNF4a in a
mammalian model in the future.

Delivery to pregnant rodents in drinking water has been useful to
deliver low dose exposures to entire litters of embryos but total ex-
posure is dependent on the thirst of the pregnant dam and could vary
(Caldwell or al, 310). While a defined exposure was also produced by
gavage in rats (Fisher of al., 2{451), this method of exposure involves a
bolus of TCE and, as shown here, higher exposures could produce in-
duction of gene expression rather than inhibition. The epidemiological
studies of Yauck et al. and Forand et el. focus on heart defects and the
inhalation of TCE with relevance to vapor intrusion (Forand et al,
2012; Yauck et 20304). An experimental study of TCE inhalation in
pregnant rats showed no cardiac defects in the embryos but the dose
range varied from 50 to 600 ppm (Carney et al., ZiH5). If the minimum
exposure in this study produced an exposure in cardiac tissue of at least
100 ppb, our data would predict an induction rather than inhibition of
HNF4a with significant differences in transcriptional targets. Thus,
exposure to TCE in thus study may have been too high to observe
cardiac teratogenesis via mechanisms described here. This result raises
a point that both laboratory and epidemiological studies require some
novelty in design to accommodate nonmonotonic-like dose responses.
The identification of dose-sensitive molecular markers of TCE exposure
in the heart provides an avenue for future studies designed to directly
compare drinking water and inhalation exposure routes for TCE.

In summary, there is an abundance of literature that shows TCE can
alter cardiac formation in several animal models, consistent with

Toxicology Letters 285 (2018) 113-120

reported effects in exposed human populations. Controversy exists
largely due to an inconsistency in effects and a nonmonotonic-like dose
curve (Bukeewski, 2i114; DeSesso and Rizofto, 2017; Hardin et
2003). The data displayed here show that exposure, in ovo in embryonic
chick hearts, to a defined agonist of HNF4a produces a perturbation of
marker expression. TCE shows a strong overlap perturbation of the
same markers. Perturbed expression of these marker genes is dose
specific and TCE exposure shifts between inhibition and induction of
gene expression at very low levels. Together, these data support the
previous bioinformatic analysis and verify a new target of TCE ex-
posure. As TCE exposure has been implicated in adult pathologies, it
may be appropriate to investigate the contribution of HNF4a mis-
regulation to these processes as well.
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